Abstract. The difficulties faced in the effective treatment of ovarian cancer are multifactorial, but are mainly associated with relapse and drug resistance. Cancer stem-like cells have been reported to be an important contributor to these hindering factors. In this study, we aimed to investigate the anticancer activities of a bioactive fungal metabolite, namely terrein, against the human epithelial ovarian cancer cell line, SKOV3, primary human ovarian cancer cells and ovarian cancer stem-like cells. Terrein was separated and purified from the fermentation metabolites of the marine sponge-derived fungus, Aspergillus terreus strain PF26. Its anticancer activities against ovarian cancer cells were investigated by cell proliferation assay, cell migration assay, cell apoptosis and cell cycle assays. The ovarian cancer stem-like cells were enriched and cultured in a serum-free in vitro suspension system. Terrein inhibited the proliferation of the ovarian cancer cells by inducing G 2 /M phase cell cycle arrest. The underlying mechanisms involved the suppression of the expression of LIN28, an important marker gene of stemness in ovarian cancer stem cells. Of note, our study also demonstrated the ability of terrein to inhibit the proliferation of ovarian cancer stem-like cells, in which the expression of LIN28 was also downregulated. Our findings reveal that terrein (produced by fermention) may prove to be a promising drug candidate for the treatment of ovarian cancer by inhibiting the proliferation of cancer stem-like cells.
Introduction
Epithelial ovarian cancer is the most common and fatal gynecological malignancy, and is associated with a 5-year survival rate of approximately 30%. The standard therapeutic strategy comprises optimal cytoreductive surgery followed by cisplatinbased systemic chemotherapy. Although the initial results of this debulking followed by chemotherapy are usually good, the majority patients relapse in <5 years due to chemoresistance (1) (2) (3) (4) (5) . Several mechanisms have been reported to account for drug resistance (6) , among which cancer stem cells have been widely studied in different tumor models over the past decade (4, 6, 7) . According to this model, a pool of cancer stem cells, which are capable of both self-renewal and differentiation, is the initiating contributor towards tumor pathogenesis, drug resistance and recurrence (8) (9) (10) (11) . Cancer stem cells are highly resistant to chemotherapy due to their stem cell properties, mainly their quiescence and the expression of drug membrane transporters. Therefore, cancer stem cells can survive the therapy regimen and regenerate tumors, thus leading to relapse. The development of novel drug candidates and therapeutic strategies against ovarian cancer should therefore address the need to combat both differentiated and stem cell populations.
Previous studies have demonstrated the feasibility of isolating, enriching and propagating cancer stem-like cells (CSLCs), highly expressing stemness marker genes [such as aldehyde dehydrogenase (ALDH1), ALDH2, ATP-binding cassette, sub-family G (WHITE), member 2 (ABCG2), chemokine (C-X-C motif) receptor 4 (CXCR4), myeloid differentiation primary response 88 (MyD88) and lin-28 homolog A (C. elegans) (LIN28)] and being able to develop xenograft tumors with high efficiency from ovarian cancer cells (11) (12) (13) . More importantly, CSLCs have been found not only in primary tumor samples, but also in immortalized cell lines and longterm culture cancer cells (14) (15) (16) (17) .
In our previous studies employing a serum-free suspension culturing system, we successfully enriched CSLCs
The marine-derived fungal metabolite, terrein, inhibits cell proliferation and induces cell cycle arrest in human ovarian cancer cells (18) (19) (20) (21) . These CSLCs formed non-adherent spheroids and displayed remarkable stem cell properties, with higher drug resistance and tumorigenic efficiency than their differentiated counterparts. This system provides us with a valuable investigating system with which to screen novel drug candidates against human ovarian cancer cells (hOVCCs) and CSLCs.
In the present study, we aimed to investigate the anticancer effects of a bioactive fungal metabolite, namely terrein, against both hOVCCs and CSLCs. Terrein (4,5-dihydroxy-3-[(E)-1'-propenyl]-2-cyclopenten-l-one, C 8 H 10 O 3 ) was first isolated from Aspergillus terreus Thom in 1935 (22) , and has since been tested in several applications across different fields, including the fields of medicine, cosmetology and agriculture (23) (24) (25) (26) (27) (28) (29) . However, the biological function of terrein in targeting human diseases has not been extensively investigated. Studies have demonstrated the strong anti-proliferative effects of terrein on skin equivalents through the induction of G 2 /M cell cycle arrest (27, 30) , suggesting its potential as a valuable candidate for treating hyper-proliferative skin diseases. However, the antitumor activity of terrein remains to be investigated.
In our previous studies, we successfully isolated the (+)-terrein from the fermentation broth of the marine sponge-derived fungus, Aspergillus terreus strain PF26, with high production efficiency and high quality (31, 32) . In the present study, we aimed to investigate the anticancer effects of terrein isolated in this manner on a human epithelial ovarian cancer model.
Materials and methods
Terrein preparation and cell culture. Terrein was separated from the fermentation broth of Aspergillus terreus strain PF-26 (31, 32) , and subjected to identification and quantification by high-performance liquid chromatography (HPLC) as previously described (31) . The human ovarian epithelial cancer cell line, SKOV3, was purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Adherent SKOV3 cells were cultured in regular culture plates at 37˚C, in a humidified environment containing 5% CO 2 with the McCoy's 5A medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 100 units/ml penicillin and 100 µg/ml streptomycin.
Primary human epithelial ovarian tumor cells were isolated from the tumors of 3 patients classified as stage III, grade 2-3 serous adenocarcinoma according to the International Federation of Gynecology and Obstetrics (FIGO) classification. The study was approved by the Institutional Review Board at Shanghai Jiaotong University (Shanghai, China). The cells were cultured in the McCoy's 5A medium (Sigma-Aldrich), supplemented with 10% fetal bovine serum (FBS; HyClone), 100 units/ml penicillin and 100 µg/ml streptomycin. Cisplatin was purchased from Sigma-Aldrich, dissolved in DMSO and added to the culture medium where indicated.
Enrichment of CSLCs.
Ovarian CSLCs were enriched as previously described (21) . Upon reaching 80% confluence, the SKOV3 cells were dissociated by 0.25% Trypsin-EDTA (Life Technologies, Carlsbad, CA, USA) for 1-2 min at 37˚C. Single cells were suspended in DMEM/F12 medium supplemented with 10 ng/ml basic fibroblast growth factor (bFGF; Invitrogen, Carlsbad, CA, USA) and 10% knockout serum (Gibco, Grand Island, NY, USA) in low attachment plates. The medium was renewed every 2 days following centrifugation at 800 rpm for 5 min to remove the dead cell debris. After 7 days, spheroidshaped CSLCs were selected for further treatment or analysis.
Cell viability assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was employed to measure cell viability. Approximately 1x10 4 cells were seeded per well in a 96-well plate and allowed to attach overnight. The culture medium was replaced with fresh medium containing terrein (or PBS as mock treatment). Following 48 or 72 h of treatment, cell viability was determined by MTT assay. The cells were incubated with 10 µl MTT (5 mg/ml; Sigma-Aldrich) added to the medium for 4 h at 37˚C. The medium was then removed and the converted dye was solubilized with 150 µl DMSO (dimethyl sulfoxide; Sigma-Aldrich). Absorbance at 490 nm was measured on a microplate reader (Bio-Rad, Hercules, CA, USA). Each assay was repeated in at least 6-wells and each experiment was independently repeated 3 times.
Transwell assay. The migratory ability of the cells was determined by Transwell assay as previously described (21) . Briefly, the cells were seeded into the top chamber of 8.0 µm Transwell invasion chambers (Corning Inc., Corning, NY, USA) in serum-free medium. Complete medium was added to the lower chambers. The cells were allowed to migrate for 24 h before being fixed in methanol and visualized by crystal violet staining. The cells which did not migrate to the lower chamber were removed by scraping. At least 3 random microscope fields of view were observed.
Cell cycle analysis. Cell cycle analysis was performed as previously described (21) . The SKOV3 cells were seeded in 6-cm dishes at a density of 3x10 5 cells/dish and allowed to attach and proliferate for 24 h. After being treated with 15 mg/l terrein for 24 h, the cells were harvested by trypsin digestion, before being washed with PBS and fixed with 70% cold-ethanol for 24 h at -20˚C. The cells were treated with RNase A for 30 min at 37˚C, and then stained with propidium iodide (PI) for 30 min at 4˚C. The cells were analyzed using a Cytomics™ FC500 flow cytometer (Beckman Coulter, Brea, CA, USA). Data were analyzed using Beckman Coulter CXP software.
Analysis of cell apoptosis. Following incubation with or without 15 mg/l terrein for 48 h, the SKOV3 cells were harvested and analyzed as previously described (33) . Cell apoptosis assay was performed using the Annexin V-FITC Apoptosis Detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) according to the manufacturer's instructions. The cells were analyzed using a Cytomics FC500 flow cytometer (Beckman Coulter).
Western blot analysis. The cells were washed in cold PBS, and lysed in lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 20 µg/ml aprotinin and 25 µg/ml leupeptin] for 30 min on ice. Protein was quantified by a standard BCA assay (Pierce Biotechnology, Rockford, IL, USA). Total protein (50 µg) was loaded, separated by SDS-PAGE gel, transferred onto PVDF membranes and incubated with specific antibodies overnight at 4˚C. The antibodies used in the present study were rabbit monoclonal antibodies against LIN28 (1:50,000; Epitomics, Burlingame, CA, USA), against Cdc2 (1:10,000; Epitomics), against cyclin B1 (1:5000; Epitomics) and rabbit polyclonal antibodies against GAPDH (1:2,000; HangZhou HuaAn Biotechnology Co., Ltd, Hangzhou, China). This was followed by incubation with HRP (horseradish peroxidase)-conjugated anti-rabbit IgG secondary antibodies (1:1,000; Beyotime Institute of Biotechnology, Shanghai, China) for 1 h at room temperature. Immunoblot signals were visualized using SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology).
Quantitative PCR. RNA extraction and quantitative PCR were performed as previously described (33) . The cells were harvested after being rinsed with PBS; RNA was extracted using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. DNase I (Fermentas, Hanover, MD, USA) was used to exclude genomic DNA contamination. cDNA was synthesized with random primers by a ReverTra Aca-α kit (Toyobo Co., Ltd., Osaka,. Japan). The expression of ALDH1, ALDH2, ABCG2, CXCR4 and MyD88 was evaluated by quantitative PCR. Quantitative PCR was performed with SYBR-Green real-time PCR Master Mix Plus (Toyobo) using Mastercycler ep realplex (Eppendorf, Hamburg, Germany). The primers used in the present study are listed in Table I .
Results
Anti-proliferative effects of terrein on human epithelial ovarian cancer cells. We extracted and purified terrein from the fermentation broth of the marine sponge-derived fungus, Aspergillus terreus strain PF26, with high production efficiency and high quality as previously described (31, 32) . The structure of terrein is illustrated in Fig. 1A . To determine whether terrein exerts anticancer effects against human epithelial ovarian cancer, we first evaluated its anti-proliferative effects on a cisplatin-resistant human epithelial ovarian cancer cell line (SKOV3).
As shown in Fig. 1B , cisplatin, used as a clinical reference, displayed moderate anticancer activity against the SKOV3 cells. By contrast, treatment with terrein led to a more effective suppression of cell proliferation: following 48 h of incubation with 15 mg/l terrein, only ~50 viable SKOV3 cells remained. This suggests that terrein effectively inhibits the proliferation of immortalized ovarian cancer cells.
To investigate the effects of terrein on cell migration, we performed a Transwell migration assay and compared the migration of the cells treated either with PBS (mock treatment) or incubated with terrein for 24 h. After 24 h, the number of cells that had migrated to the bottom of the wells was significantly reduced following treatment with terrein (Fig. 1C) , indicating that terrein attenuated the migration of SKOV3 cells. These data indicate that terrein exerts anticancer effects on ovarian cancer cells (SKOV3).
Terrein induces G 2 /M phase cell cycle arrest.
To better characterize the anticancer activity of terrein and investigate the mechanisms underlying its anti-proliferative effects, we examined its effects on apoptosis and the cell cycle. We used SKOV3 cells, which were harvested after 48 h of incubation with 15 mg/l terrein. Flow cytometric analysis was performed using Annexin V-FITC to label the apoptotic cells and PI to stain the necrotic cells. As shown in Fig. 2A We then analyzed the cell cycle distribution by staining the cells with PI. As illustrated in Fig. 2B , 24 h of treatment with 15 mg/l terrein led to a significant increase (from ~18.14 to ~58.81%) in the number of SKOV3 cells at the G 2 /M phase of the cell cycle. To better understand the ability of terrein to induce cell cycle arrest, we examined the expression of cyclin B1 and Cdc2, both of which play essential roles in the control of the cell cycle at the G 2 /M phase (34, 35) . Protein detection by western blot analysis revealed a notable depletion in the levels of both cyclin B1 and Cdc2 (Fig. 2C) , suggesting that terrein modified the expression of the cell cycle regulators and consequently induced cell cycle arrest.
Terrein suppresses the expression of LIN28 in ovarian cancer cells.
The RNA-binding protein, LIN28, has been reported to bind to and promote the translation of certain mRNAs encoding cell cycle regulators, including cyclin B1 (36) (37) (38) (39) (40) , and thereby coordinates the cell cycle at multiple checkpoints. More importantly, LIN28 has been shown to contribute towards the malignancy of ovarian cancer and is thus believed to be a potential target for ovarian cancer therapy (41, 42) . It also should be noted that LIN28 is used to define stemness in several tissue lineages and, when highly expressed, is associated with the stemness properties of ovarian cancer stem cells (43) (44) (45) .
To gain insight into the anticancer mechanisms of terrein, we investigated whether it affects the expression of LIN28 in SKOV3 cells. Firstly, we assessed LIN28 expression at the transcriptional level by quantitative PCR, and observed a clear decrease following incubation of the cells with terrein (Fig. 3A) . Using western blot analysis, we then examined the suppressive effects of terrein on LIN28 at the translational level. As shown in Fig. 3B , the level of LIN28 protein was significantly depleted in the SKOV3 cells which had been incubated with terrein for 48 h.
LIN28-F
In order to further confirm the anti-proliferative effects of terrein on epithelial ovarian cancer cells, we examined the anticancer effects of terrein on primary hOVCCs isolated from the tumors of 3 patients, classified as stage III, grade 2-3 serous adenocarcinoma. MTT assay revealed that treatment with terrein led to an marked reduction in cell viability (Fig. 4A) . Although the anti-proliferative effects were not uniform on the different samples, the efficiency of terrein was consistently higher than that of cisplatin. In accordance with the results obtained with the SKOV3 cells, terrein also downregulated the expression of LIN28 in the hOVCCs (Fig. 4B) . These results indicate that terrein exerts anti-proliferative effects and suppresses the expression of LIN28 in both immortalized cells and primary hOVCCs.
Terrein effectively inhibits the survival of CSLCs. Since terrein downregulated the expression of LIN28 in the hOVCCs, we wished to determine whether it would have the same effects on ovarian cancer stem cells, in which LIN28 has been reported to be an essential regulator (38-45). We have previously reported the feasibility of enriching and propagating human ovarian CSLCs by culturing SKOV3 spheroid cells under serum-free conditions (18) (19) (20) (21) . Employing this serum-free culture system, we examined the anticancer effects of terrein on CSLCs. As shown in Fig. 5A , the enriched CSLCs grew as spheroid-shaped cells and could be easily distinguished from the original differentiated SKOV3 adhesive cells. To further confirm the stem cell characteristics of the CSCLs, we assessed the expression levels of several cancer stem cell markers including, ALDH1, ALDH2, ABCG2, CXCR4, MyD88 and LIN28. Quantitative PCR revealed that the expression of these markers was noticeably increased in the spheroid-shaped cells (Fig. 5B) , thus, validating their cancer stem cell-like properties.
As shown in Fig. 5B , the enriched CSLCs displayed higher expression levels of LIN28 compared to the original SKOV3 cells. Of note, treatment with terrein significantly reduced the expression of LIN28 in the CSLCs at both the transcriptional and translational levels ( Fig. 5C and D) . Encouraged by this result, we examined the anti-proliferative effects of terrein on the CSCLs (Fig. 5E ). The result showeds that cisplatin exhibited only a moderate effect in spheroid cells; however, treatment with terrein significantly depleted the cell survival of the SKOV3-derived CSLCs (Fig. 5E) ; incubation with 15 mg/l terrein for 72 h reduced cell viability by ~50%. Fig. 5F shows the morphological changes of SKOV3 spheroid-shaped cells following treatment with terrein: the spheroids were dispersed into single cells; treatment for a longer duration led to cell death. Taken together, the results from our study demonstrate that terrein suppresses the expression of LIN28 and exerts antiproliferative effects against ovarian CSLCs.
Discussion
Over the past decade, there is increasing evidence supporting the cancer stem cell theory, and cancer stem cells have been successfully separated from both primary tumor samples and immortalized cell lines (6, 7, 11) . The separated cancer stem cells have been shown to survive in an in vitro serum-free culture system, forming spheroids and exhibiting stem-like properties (11, 12) . This in vitro system provides a valuable model for the screening and determining the underlying mechanisms of action of drugs against human cancers, particularly those resistant to drugs.
Epithelial ovarian cancer is the most lethal gynecological malignancy, which easily develops drug resistance, thus causing relapse (1) (2) (3) (4) (5) . The cancer stem cell theory has significant therapeutic implications and provides a mechanistic explanation for ovarian cancer carcinogenesis and development. Based on this theory, novel drugs targeting cancer stem cells are urgently required; however, little is known at present (46) .
In this study, we demonstrate that one small compound, namely terrein, effectively exerts anticancer effects in both differentiated and stem-like ovarian cancer cells. Terrein is a fungal metabolite which has already been shown to have valuable bioactivity in the fields of medicine, cosmetology and agriculture without any cytotoxic effects (22) (23) (24) (25) (26) (27) (28) (29) (30) . In the present study, we separated terrein from the fermentation broth of sponge-derived fungus with high efficiency and purity, showing it to be an economic and environmentally-friendly drug candidate (31) . Our results revealed that terrein effectively inhibited the proliferation of both immortalized ovarian cancer cells and primary hOVCCs. Our investigation into the underlying mechanisms revealed that terrein induced G 2 /M phase cell cycle arrest by suppressing the expression of G 2 /M cell cycle-related proteins (cyclin B1 and Cdc2). More importantly, we identified that an important target of terrain is LIN28, an evolutionarily conserved protein which plays a critical role in embryonic development (38) . LIN28 has also been reported to be an essential oncogene in ovarian cancer, contributing to the etiology and progression (41) (42) (43) . Recently, LIN28 has gained increasing attention due to its biological roles in cancer stem cells, and is believed to be an important marker gene for cancer stem cells (43) (44) (45) .
Consequently, we sought to investigate whether terrein has the ability to target CSLCs in our in vitro experimental system. We found that terrein effectively suppressed the expression of LIN28 and significantly reduced the viability of CSLCs, suggesting that terrein also possesses the ability to target cancer stem cells.
Thus, it can be concluded that terrein, an easily produced small molecule, may prove to be a promising drug candidate for use in the treatment of human epithelial ovarian cancer with a novel mechanism of action targeting both differentiated and stem-like ovarian cancer cells.
